Introduction
============

Cognitive aging affects a wide range of functions including working memory, processing speed, and inhibitory function (Park et al., [@B27]; Reuter-Lorenz and Park, [@B33]). Despite the gradual decline described in aging, some seniors are able to keep their cognitive functions with minimal differences in performance compared to healthy young subjects. Several theories have been proposed in attempts to identify the neural correlates of what is known as "successful cognitive aging" (Cabeza et al., [@B8]; Park and Reuter-Lorenz, [@B28]).

Functional imaging is well suited to the study of changes in brain functionality in advanced age (for a review, see Eyler et al., [@B13]). Across various cognitive domains, age-related functional reorganizations have been described as changes in brain responsivity in several brain regions when subjects are scanned during the performance of cognitively demanding tasks (see Spreng et al., [@B39]; Turner and Spreng, [@B42] for recent meta-analyses). Hence, both reductions and increases in activity have been described in different brain regions. Reductions in activity are commonly located in the left prefrontal cortex (PFC) and temporo-occipital areas and are normally associated with less efficient processing in aging (Cabeza et al., [@B10]), but the interpretation of increases is less straightforward. However, when associated with better or preserved performance they have been commonly interpreted as evidence of functional compensatory mechanisms (Grady, [@B16]; Cabeza et al., [@B9]; Grady et al., [@B18]; Mattay et al., [@B26]; Berlingeri et al., [@B4]).

Moreover, recent advances in neuroimaging techniques have made possible the study of functional brain networks that can be observed even during resting-state periods, revealing an intrinsic network-based organization of the brain (Smith et al., [@B37]). In this context, cognitive aging has been associated with disruptions/reorganizations within certain brain functional networks (Grady et al., [@B17]; Littow et al., [@B24]; Tomasi and Volkow, [@B41]). Particularly, areas forming part of the default-mode network (DMN), including the posterior cingulate cortex and middle frontal gyrus, are characterized by patterns of age-related decreases in functional connectivity (Damoiseaux et al., [@B11]; Hafkemeijer et al., [@B19]). These functional correlation reductions have been associated with cognitive decline across multiple domains in healthy old individuals (Andrews-Hanna et al., [@B1]).

Despite this evidence of changes in both brain activity and brain connectivity, very few studies have simultaneously investigated the DMN and a task-related brain network in aging in terms of their BOLD responsivity and functional connectivity, and during both resting and cognitive performance. Hence, the objective of our study was to investigate the brain connectivity/activity characteristics of the DMN and a working memory network in a sample of healthy elders (HE) and young adults (YA). In the present report, we placed special emphasis on investigating how these patterns differ between elders who are able to keep their working memory abilities at a level comparable to young subjects during the most demanding conditions, and those who show a decline in this function.

Material and Methods
====================

Subjects and scanning
---------------------

Twenty-nine HE (mean age: 62.55, SD: 9.43, 20 women) and 16 YA (mean age: 21.31, SD: 2.41, 9 women) were included in the study. Old subjects underwent neuropsychological testing, including memory, language, attention, and visuoperceptive/visuospatial functions. The neuropsychological battery was similar to the one used recently in other reports by our group (e.g., Arenaza-Urquijo et al., [@B2]). All reported scores were within normal range on the domains tested, and all subjects had scores on the mini-mental state examination ≥ 24 (mean: 28.83, SD: 1.64). All participants in the study were scanned using functional MRI (fMRI) in the resting-state and during the performance of a working memory task, an *n*-back task including different levels of working memory load (*n* = 0, 1, 2, and 3 letters to be retained: see Braver et al., [@B7]; Sala-Llonch et al., [@B34]). Basically, during the task, blocks of 0-, 1-, 2-, 3-back conditions lasting 26 s were presented four times each in a pseudo-randomized order with inter-block fixation periods (white cross on a black screen) of 13 s. Before any *n*-back block was presented, an instruction screen appeared to inform the subject about the task. Within each block, a sequence of 12 letters was presented in white in the center of the screen; each letter remained visible for 500 ms, with an inter-stimulus interval of 1500 ms. The subject was asked to press a button when the stimulus on the screen was the same as the one showed n items before. For the 0-back task, subjects were asked to press the button when the letter "X" appeared. All subjects underwent a training session before entering the scanner in order to ensure that they understood the task instructions. All achieved a task accuracy of at least 80%.

Subjects' responses were collected and the performance of each *n*-back condition was calculated using the *d*′ measure *(Z hit rate* − *Z false alarm rate*), with higher *d*′ scores indicating higher performance. Mean reaction time (RT) was also collected for each subject within each load condition.

The HE group was further subdivided into low performers (low-HE) and high-performers (high-HE) according to the score obtained during the performance of the 3-back task (percentile 50 of the distribution). Between-group differences in *d*′ measures and RT measures were assessed with one-way ANOVA implemented in PASW vs. 17 (Statistical Package for Social Sciences, Chicago, IL, USA).

Functional MRI images were acquired on a 3T MRI scanner (Magnetom Trio Tim, Siemens Medical Systems, Germany), using a 32-channel coil. During both the resting-fMRI and task-fMRI conditions, a set of T2~\*~-weighted volumes (150 and 336 volumes for resting and task fMRI, respectively) were acquired (TR = 2000 ms, TE = 29 ms, 36 slices per volume, slice thickness = 3 mm, distance factor = 25%, FOV = 240 mm, matrix size = 128 × 128). A high-resolution 3D structural dataset (T1-weighted MPRAGE, TR = 2300 ms, TE = 2.98 ms, 240 slices, FOV = 256 mm; matrix size = 256 × 256; slice thickness = 1 mm) was also acquired in the same scanning session for registration purposes.

Analysis of resting-fMRI data
-----------------------------

Resting-state fMRI images were analyzed with independent component analysis (ICA) and a dual-regression approach. Image preprocessing was carried out in FSL[^1^](#fn1){ref-type="fn"} and AFNI[^2^](#fn2){ref-type="fn"} softwares. This step included the removal of the first five scans, motion correction, skull stripping, spatial smoothing using a Gaussian kernel of FWHM = 6 mm, grand mean scaling, temporal filtering (low-pass and high-pass filters). Functional scans were then registered to their corresponding individual MPRAGE structural scans using linear registration with 6 df (Jenkinson and Smith, [@B21]) and further registered to the standard MNI template by concatenation of both registration matrices. Resampling resolution was set to 3 mm.

We used ICA, as implemented in MELODIC (Beckmann et al., [@B3]) from FSL, in order to decompose resting-state data into 25 independent components (ICs) which described common spatio-temporal independent patterns of correlated brain activity across the whole group of subjects in the study. Within the 25 ICs obtained, we identified the common resting-state functional networks (Damoiseaux et al., [@B11]; Smith et al., [@B37]; van den Heuvel and Hulshoff Pol, [@B43]), and selected the DMN, and two components corresponding to the right-lateralized and the left-lateralized fronto-parietal networks (right-FPN, and left-FPN). The selection procedure was performed by visual inspection together with template matching with online available data (Smith et al., [@B37]; Biswal et al., [@B5]) and with average task-related activation maps obtained from the data-driven analysis (see Figure [1](#F1){ref-type="fig"} for a summary of the methods used in the study).

![**Summary of the methods used for preprocessing and analysis of fMRI data**.](fnhum-06-00152-g001){#F1}

Then, we used the spatial patterns of the three selected networks in a dual-regression approach (as described in Filippini et al., [@B14]; Leech et al., [@B23]) in order to explore between-group differences. In the dual-regression analysis, we first regressed each subject's resting-state functional data against the spatial IC maps and obtained individual time-series associated to each network (DMN, right-FPN, and left-FPN). These time-courses were then used to regress again the individual preprocessed fMRI data and to obtain individual spatial maps that were also specific for networks. Spatial maps were finally tested for voxel-wise differences between groups using non-parametric testing with 5000 random permutations.

Analysis of task-fMRI data
--------------------------

Task-fMRI images were analyzed with a model-driven protocol to explore ROI-based BOLD signal change across task conditions. We also used a dual-regression analysis of task-fMRI data to investigate differences in network integration.

First, data preprocessing was performed in FSL and AFNI. It included motion correction, skull stripping, spatial smoothing using a Gaussian kernel of FWHM = 6 mm, grand mean scaling, temporal filtering (high-pass filter of sigma = 80 s), and registration to individual anatomical scans and to MNI standard space (Jenkinson and Smith, [@B21]). As in resting-fMRI, resampling resolution was set to 3 mm.

Task-fMRI data were analyzed using standard random-effects general linear model. We used the procedure as implemented in FMRI Analysis Tool (FEAT, Woolrich et al., [@B44]) from FSL. Five regressors were used to model the different blocks (0, 1-, 2-, 3-back, and fixation), and five additional regressors, modeling their first derivatives were introduced as nuisance variables. Contrast images were computed from the preprocessed functional data as follows: for the different levels of cognitive load, each condition was evaluated against the 0-back (1-, 2-, and 3-back \>0-back), and for the fixation blocks, the signal was compared against the average of the other blocks. Average maps were created including all the subjects in the study. To investigate the load-dependent differences in brain activity especially within the networks of interest, we used peak coordinates of the selected IC spatial maps in order to create a set of spherical ROIs of 6 mm radius and extracted the percentage signal change for each contrast.

Between-group differences on all the quantitative measures of percentage signal change were assessed using one-way ANOVA implemented in PASW. The significance level was set at *p* \< 0.05 (two-tailed).

As with resting-fMRI data, a dual-regression approach was applied to the preprocessed task-fMRI data. The spatial maps of the DMN and the right- and left-frontoparietal networks were used to regress task-fMRI data and to obtain individual patterns of these networks during task-performance. These maps were introduced in a voxel-wise group comparison with 5000 permutations.

Results
=======

Low-HE and high-HE groups differed in task-performance, but there were no significant differences in the performance of the 3-back task between YA and high-HE subjects. Mean RT was higher in elders than in young subjects for all the conditions, but there were no differences between high-HE and low-HE. Across the two groups of elders, age, gender, and MMSE were comparable, but high-HE had significantly higher education levels (Table [1](#T1){ref-type="table"}; Figure [2](#F2){ref-type="fig"}).

###### 

**Group demographics and behavioral results on the *n*-back task**.

                        YA             High-HE         Low-HE         High-HE vs. low-HE comparison                                                        
  --------------------- -------------- --------------- -------------- ------------------------------- ----------- -------------------- ------------------- ------------------------
  Age (years)           21.31 (2.41)   60.67 (10.35)   64.5 (8.23)    *t* = 1.12, *p* = 0.27                                                               
  Gender (men/women)    9/7            10/5            10/4                                                                                                
  MMSE                                 28.83 (1.64)    28.82 (1.72)   *t* = 0.02, *p* = 0.98                                                               
  Education                            3.42 (0.67)     2.67 (0.68)    *t* = 2.53, *p* = 0.02                                                               
                                                                                                                                                           
                                                                      **ANOVA**                                                                            
                                                                                                                                                           
                                                                      ***F***                         **Sig**.    **YA vs. high-HE**   **YA vs. low-HE**   **High-HE vs. low-HE**
                                                                                                                                                           
  0-Back -- *d*′        3.52 (0.12)    3.30 (0.44)     3.30 (0.33)    2.37                            0.106       0.064                0.070               0.992
  0-Back -- RT (sec.)   0.42 (0.08)    0.44 (0.08)     0.47 (0.09)    1.13                            0.334       0.658                0.150               0.310
  1-Back -- *d*′        3.47 (0.23)    2.96 (0.71)     3.03 (0.68)    3.53                            0.038       0.018                0.045               0.722
  1-Back -- RT (sec.)   0.44 (0.09)    0.52 (0.07)     0.54 (0.11)    4.61                            0.016       0.025                0.007               0.585
  2-Back -- *d*′        3.16 (0.39)    2.69 (0.54)     2.37 (0.92)    5.47                            0.008       0.054                0.002               0.190
  2-Back -- RT (sec.)   0.47 (0.10)    0.59 (0.10)     0.65 (0.16)    8.15                            0.001       0.009                \<0.001             0.222
  3-Back -- *d*′        2.60 (0.55)    2.30 (0.47)     1.60 (0.35)    17.42                            \< 0.001   0.09                 \<0.001             \<0.001
  3-Back -- RT (sec.)   0.55 (0.11)    0.67 (0.12)     0.65 (0.17)    3.25                            0.05        0.022                0.057               0.704

*MMSE, mini-mental state examination; *d*;′, sensitivity index for task-performance; *F*, result of the analysis of variance (ANOVA) between the three groups; Sig., significance; RT, reaction time; YA, young adults; High-HE, high-performing healthy elders; Low-HE, low-performing healthy elders. Education levels were quantified in a scale from 1 to 4, with: 1, no education; 2, primary school; 3, secondary school, and 4, university studies. All scores are given as mean(SD). Significance levels are given in p values and considered significant when p \< 0.05*.

![**Results of the task-performance during the different working memory loads**. **(A)** Mean and SD values of d prime index, and **(B)** Mean and SD values of average response time (RT), in seconds. \*Indicates *p* \< 0.05 in the ANOVA *post hoc* analysis of between-group differences. 0B, 0-back; 1B, 1-back, 2B, 2-back, 3B, 3-back, YA, young adults; high-HE, high-performing healthy elders; low-HE, low-performing healthy elders.](fnhum-06-00152-g002){#F2}

The main findings, which are reported in the following sections, are summarized in Table [2](#T2){ref-type="table"}.

###### 

**Summary of findings**.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
              Resting-state fMRI                                Task-fMRI                                                                       
  ----------- ------------------------------------------------- ------------------------------------------------------------------------------- -----------------------------------------------------------------
  DMN         Low-HE: decreased connectivity in frontal areas   High-HE: activation of MFC during task. Increased activation of PCC with task   High-HE: decreased connectivity

  Right-FPN   High-HE: overall decreased connectivity           High-HE: increased activation in ACC, right-IFG\                                High-HE: increased connectivity of frontal and prefrontal areas
                                                                High-HE and Low-HE: increased deactivation of PAR during fixation               

  Left-FPN    High-HE and Low-HE: decreased connectivity        High-HE: increased activation in ACC and left-IFG                               n.d.
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Resting-state fMRI analysis
---------------------------

Spatial maps derived from the whole-sample ICA decomposition of resting-state fMRI data corresponding to the DMN, the right-FPN, and the left-FPN are shown in Figure [3](#F3){ref-type="fig"}. The component identified as the DMN (Figure [3](#F3){ref-type="fig"}A) comprised areas in the frontal pole, middle frontal gyrus, and paracingulate gyrus (BA9, 10), the precuneus and posterior cingulate gyrus (BA7, 18, 23, 30, 31), and bilaterally in the superior occipital and posterior parietal cortices (BA19, 39). The right- and left-lateralized FPN (Figures [3](#F3){ref-type="fig"}B,C) involved areas in the middle and inferior frontal cortices (BA8, 9, 10, and 46), the paracingulate and anterior cingulate (BA6, BA8, BA32) and right and left parietal lobes, including the supramarginal and angular gyri. Although the lateralized pattern differed between right- and left-FPN, there was a broad overlap between these two networks.

![**Identification of the functional networks of interest from the ICA analysis of resting-state fMRI**. Spatial maps of the three selected networks. **(A)** DMN network, **(B)** right-FPN, and **(C)** left-FPN.](fnhum-06-00152-g003){#F3}

With the dual-regression approach, we found differences in these three networks during the resting-state. As regards the DMN, low-HE exhibited decreased connectivity during the resting-state in frontal areas compared with YA and high-HE groups (Figure [4](#F4){ref-type="fig"}A). In the right-FPN (Figure [4](#F4){ref-type="fig"}B), the high-HE group had lower resting-state connectivity than both YA and low-HE groups. Finally, in the left-FPN (Figure [4](#F4){ref-type="fig"}C), low-HE, and high-HE had decreased resting-state connectivity in frontal areas. In the low-HE group, this decreased connectivity was observed in the left inferior and middle frontal gyri, left pars opercularis and left frontal pole (BA10, 44, 45, and 46). High-HE subjects showed the same pattern of decreased connectivity, but it was bilateral and extended to the anterior part of the superior temporal gyri, also including the anterior cingulate (BA6) and the insular cortex.

![**Results of the dual-regression analysis of resting-state fMRI**. Maps show voxel-wise group-comparisons thresholded at a FWE corrected significance level of *p* \< 0.05. **(A)** Group differences in the DMN, **(B)** Group differences in the right-FPN, and **(C)** group differences in the left-FPN.](fnhum-06-00152-g004){#F4}

Analysis of task-related brain activity
---------------------------------------

We focused the analysis of task-fMRI data on a set of spherical ROIs that were selected from the networks identified in the resting-fMRI analysis (Figure [5](#F5){ref-type="fig"}). Three ROIs were created from the right-FPN: one in the right inferior frontal gyrus: *right-IFG ROI* (MNI coordinates: *x* = 42, *y* = 54, *z* = −4), one in the right middle frontal gyrus: *right-MFG ROI* (MNI coordinates: *x* = 46, *y* = 34, *z* = 32) and one in the right superior parietal gyrus: *right-PAR ROI* (MNI coordinates: *x* = 42, *y* = −58, *z* = 52). Three were created from the left-FPN: one in the left inferior frontal gyrus: *left-IFG ROI* (MNI coordinates: *x* = −46, *y* = 50, *z* = 0), one in the left middle frontal gyrus: *left-MFG ROI* (MNI coordinates: *x* = −46, *y* = 34, *z* = 20), and one in the left superior parietal gyrus: *left-PAR ROI* (*x* = −46, *y* = −50, *z* = 31). We also selected a region in the anterior cingulate cortex that was common for the right-FPN and the left-FPN: *ACC ROI* (MNI coordinates: *x* = −2, *y* = 26, *z* = 44). As regards the DMN, we defined four ROIs, one in the precuneus and posterior cingulate cortex: *PCC ROI* (MNI coordinates: *x* = 2, *y* = −66, *z* = 40), two in the left and right lateral occipital cortices: *LLO ROI* (MNI coordinates: *x* = −38, *y* = −82, *z* = 32), and *RLO ROI* (MNI coordinates: *x* = 42, *y* = −74, *z* = 36) and one in the middle frontal cortex: *MFC ROI* (MNI coordinates: *x* = 2, *y* = 58, *z* = −8).

![**Results of the ROI-based analysis of brain activity during the performance of the *n*-back task**. Within each defined ROI, percent signal change are plotted for each group and condition. \*Indicates that differences have a significance value of *p* \< 0.05.](fnhum-06-00152-g005){#F5}

As shown in Figure [5](#F5){ref-type="fig"}, ROIs inside the task-positive networks showed, in general, a positive percentage of signal change during cognitively demanding blocks and negative values during fixation blocks, and ROIs within the DMN had the opposite behavior.

BOLD responsivity scores for the high-HE group were significantly higher (*p* \< 0.05) than those for the YA group in the *ACC*, *left-IFG*, and *right-IFG* ROIs, for the 1-back and the 2-back conditions, and only in the *right-IFG* for the 3-back condition. No differences were observed in these regions between the low-HE and the YA groups. Moreover, in the *right-IFG* ROI, responsivity was also greater in the high-HE group than in the low-HE during 2-back blocks. During fixation, the high-HE group also showed greater deactivation of the *right-IFG* compared to YA.

No significant group-effects were found in task-related BOLD response in *left-MFG*, *right-MFG*, *left-PAR*, and *right-PAR* ROIs, during any of the cognitive blocks. During fixation, both high-HE and low-HE groups showed increased deactivation of the *right-PAR* ROI compared to YA.

Within the *MFC* ROI, only the YA group showed a clear pattern of deactivation (negative percentage signal change) during cognitive blocks that was not observable in the other two groups. High-HE had significant differences in BOLD response of this region with respect to YA in 2-back condition. Overall, in the MFC ROI we observed positive percentage signal changes associated with cognitive demands in high-HE whereas these values were always negative for the YA group.

In the *PCC* ROI, high-HE also showed increased task-related activation during cognitive blocks than YA. Although the described effect could be seen at all the load levels of the task, this difference was statistically significant only in 1-back blocks. In Figure [4](#F4){ref-type="fig"}, we see that the PCC was moderately activated in the YA group when performing the levels of the task with the highest demand.

Finally, no group differences were found regarding BOLD response in left and right lateral occipital ROIs within the DMN.

Network analysis on task-fMRI data
----------------------------------

We used the dual-regression approach to explore differences in the selected networks during task-fMRI. High-HE showed decreased connectivity of the DMN with respect to YA (Figure [6](#F6){ref-type="fig"}A). However, in the right-FPN the same subjects had increased connectivity with respect to YA in several regions (Figure [6](#F6){ref-type="fig"}B), including the frontal pole, precentral gyrus, supplementary motor areas, anterior cingulate and paracingulate, insular cortex, and frontal orbital areas (BA6, 9, and 10). Finally, we found no differences in the connectivity of the left-FPN during task-fMRI.

![**Results of the dual-regression analysis of task-related fMRI**. Maps show voxel-wise group-comparisons thresholded at a FWE corrected significance level of *p* \< 0.05. **(A)** Group differences in the DMN, and **(B)** Group differences in the right-FPN.](fnhum-06-00152-g006){#F6}

Discussion
==========

Using ICA we identified intrinsic functional connectivity networks that are in operation during resting-state fMRI and during task fMRI, supporting the idea that brain connectivity has a network-based functional substrate that is not limited to the fact that the brain is functionally active (Smith et al., [@B37]). Although the ICA decomposition allowed the identification of other common resting-state brain networks, we only studied the DMN and the networks in the frontoparietal system due to their involvement in the working memory task that we used (similar to the approach considered in Leech et al., [@B23]). The three networks were identified in both resting- and task-fMRI, and functional reorganizations were found in both conditions, but in different directions. During the resting-state, elders with lower task-performance showed the largest differences with respect to YA within DMN connectivity, and those with higher task-performance showed reduced connectivity of the frontoparietal system. However, during task-fMRI, high-HE showed decreased connectivity of the DMN and increased connectivity of the FPN, but no differences were found between low-HE and young individuals. The analysis of task-related brain activity helped the interpretation of the results obtained by the ICA and the dual-regression approach, revealing task-related overactivations in frontal areas of the FPN, and the involvement of some DMN areas during task-performance in high-HE. Overall, our data show an age-by-performance modulation of brain networks that depends on external task demands.

Compensatory role of DMN areas
------------------------------

Our data suggest evidence of reorganizations in the DMN connectivity in elders when compared to the group of YA. The pattern of functional reorganizations varied according to whether subjects are performing a cognitively demanding task. We found decreases in DMN connectivity that are in agreement with previously published work reporting age-related reduced DMN connectivity at rest (Damoiseaux et al., [@B11]; Littow et al., [@B24]; Wu et al., [@B45]; Tomasi and Volkow, [@B41]), and during task-fMRI (Sambataro et al., [@B35], see Hafkemeijer et al., [@B19] for a review of DMN and aging). Interestingly, we observed that disruptions in DMN connectivity, when studied at rest, were related with poor cognitive performance in the working memory domain. Studying the DMN connectivity in a group of aged subjects, Andrews-Hanna et al. ([@B1]) also found a relationship between anterior-posterior connectivity and cognitive performance in several cognitive domains. Moreover, during task-fMRI, only the high-HE group showed a reduction in DMN connectivity compared to YA. This latter result suggests dynamic modulations/interactions within networks during the performance of a task: old adults who performed the task successfully needed to recruit/engage additional brain resources which are typically not related to the WM task. Other studies using task-fMRI (Grady et al., [@B18], [@B17]; Filippini et al., [@B15]) reported age-related increases in activity within DMN regions, such as the mPFC, which are not traditionally implicated in task-performance. They also found that these activity increases were accompanied with decreases in task-related functional connectivity in the same areas (Grady et al., [@B17]).

The results we obtained with ICA and dual-regression were supported and extended by those of brain responsivity in DMN regions. We found differences in brain activity (measured as percent signal change) in two core regions of the DMN, the PCC, and the MFC. High-HE subjects recruited these areas during task-performance, but YA and low-HE groups did not. The recruitment of the anterior/frontal node of the DMN was specific for the high-HE group (Figure [5](#F5){ref-type="fig"}), a finding that supports the utilization of non-task-related resources as a compensation mechanism in the aged brain (Cabeza et al., [@B10]; Mattay et al., [@B26]). The fact that this area is located in the frontal node may support the notion of the Posterior-anterior shift in aging (PASA model, see Davis et al., [@B12]). As regards the recruitment of the PCC node, this effect was also observable in the YA cohort at high levels of working memory load, in agreement with other studies showing involvement of the precuneus in cognitive control (Leech et al., [@B23]). High-performing elders recruited this area at the lowest memory load. This result can be interpreted in the light of the compensation-related utilization of neural circuits hypothesis (CRUNCH) which posits that older adults need to recruit additional neural resources at lower loads than younger adults (Reuter-Lorenz and Cappell, [@B32]; Schneider-Garces et al., [@B36]).

In summary, age-related DMN disruptions have been discussed either as a compensatory mechanism (Grady et al., [@B17]; Filippini et al., [@B15]) or as a functional marker of deficits in cognitive control that lead to poorer performance in elder subjects (Persson et al., [@B30]; Sambataro et al., [@B35]; Hedden et al., [@B20]). Our results clearly support the first idea. However it is also plausible that both mechanisms of compensation and dysfunction associated with cognition coexist in the aging brain. Finally, as our elder groups differed in educational attainment, the present results may also be interpreted within the context of neural compensation, as posited by Stern ([@B40]).

Changes in frontoparietal networks
----------------------------------

Focusing on the brain networks responsible for the working memory system, we found functional reorganizations in terms of altered connectivity and greater BOLD response in the high-performing elders. During the resting-state, high-HE showed decreased connectivity of the frontoparietal system. To date, few studies have reported age-related changes in resting-state networks other than the DMN. Filippini et al. ([@B15]) found age-related increases in the executive network at rest but they did not consider the cognitive performance of the subjects. However, Littow et al. ([@B24]) found age-related decreases in some resting-state networks related to executive control.

During task-fMRI, the ROI-based analysis of responsivity showed increased activity in frontal regions, mainly in the inferior frontal gyrus bilaterally and in the anterior cingulate cortex. The same behavior was observed in the left middle frontal gyrus, but did not reach the level of significance established. Although the greater effects were observed in areas of the right-FPN, we interpreted this result as a reduction of asymmetry in task-related networks. The results of the dual-regression on task-fMRI also showed that the spatial pattern of the right-FPN becomes almost bilateral in high-HE subjects when compared to YA. Grady et al. ([@B17]) also found that a greater expression of a network comprising right dorsolateral prefrontal areas predicted better performance in old adults. In some studies, the contralateral PFC activation was interpreted as a result of the difficulty of recruiting specialized neural mechanisms (the dedifferentiation hypothesis, see Persson et al., [@B31]; Eyler et al., [@B13]); however, our results add evidence for the compensation hypothesis, and more specifically for the hemispheric asymmetry reduction in older adults (HAROLD, Cabeza et al., [@B8]) pattern, since this effect was specific to the elders who performed well on the task. In addition, studies with other techniques such as TMS have also supported the HAROLD model and its relationship with successful aging in episodic memory performance (Solé-Padullés et al., [@B38]; Manenti et al., [@B25]).

Compensation mechanisms in terms of increased task-related BOLD activity have also been described in the pathologic brain in Alzheimer's disease and mild cognitive impairment (Bokde et al., [@B6]). However, these patterns usually reflect activation of additional brain areas due to inefficient functioning of a network that might be compromised by disease; what is more, they have been studied in the context of keeping the same performance level as their age-matched controls, rather than in the context of increased performance as we found in healthy adults.

The interpretation of our results as the specialization of a task-related network also provides an insight into the study of intervention methods that include cognitive training in healthy aging. Although the neural mechanisms of training effects are still unknown, it has been commonly reported that higher BOLD activity is associated with better performance or higher improvement in task-performance (for a review see Klingberg, [@B22]). Thus, the study of inter-individual differences in the relationship between brain activity and behavioral outcome may be a key point in the design of effective training programs for patients whose limited cognitive capacities are restricting their daily lives. Moreover, further studies should determine whether these brain-behavior associations are limited to the cognitive task that is being performed in the scanner or whether they can be extrapolated to other cognitive domains. The latter question can be partially answered by examining our results of the resting-state analysis, since we already found brain reorganizations in the resting-state networks in high-performing old subjects.

Conclusion
==========

Using analysis of functional data during resting-state and during the performance of an *n*-back task, we provide evidence that the precepts of the principal neurocognitive theories of aging can be accommodated. First, functional compensation mechanisms were found: older people with successful working memory performance utilize different brain regions during cognitive activity than young people, and some of these regions are recruited from the DMN, a brain network that is typically deactivated during working memory performance. The recruitment of the frontal DMN regions was specific to elders with high-performance levels; however, recruitment of the precuneus was also observed in young subjects at high levels of working memory load (supporting the CRUNCH hypothesis, Reuter-Lorenz and Cappell, [@B32]). Moreover, within task-related networks, high-performing elders showed both increased connectivity and increased BOLD response bilaterally in frontal regions, supporting the HAROLD model (Cabeza et al., [@B8]) as well as the PASA model (Davis et al., [@B12]). Moreover, these dynamic network reorganizations were different at rest, when high-performing elders had less disruption of the DMN but greater disruption within the frontoparietal system than low-performing elders. We therefore suggest that successful aging is characterized by a level of brain plasticity that may mediate the efficient recruitment of functional resources in task-relevant areas when the subject is exposed to a task with a high cognitive demand even though this recruitment is not observable at rest. It has been proposed that there is an optimal level of brain plasticity during the age span that varies across subjects and allows this adaptation to a changing environment. Thus, both hypo- and hyperplastic mechanisms may set the stage for dementia or age-related declines in cognitive abilities (Pascual-Leone et al., [@B29]).
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